Objective To describe the accuracy of the Bayley Scales of Infant Development-Second Edition (BSID-II) Mental Development Index (MDI) at 2 years of age for prediction of cognitive function at school age of children born extremely preterm.
Introduction
About 75% of infants born extremely preterm (< 28 weeks of gestation) survive into childhood [1] and about 25% of survivors develop moderate-to-severe cognitive disability [2] [3] [4] . Studies of the cognitive outcomes for individuals born extremely preterm have been used to guide clinical care of neonates at the margin of viability [5, 6] , to identify children most in need of special educational resources [7] , and as the evidence base for neonatal intensive care practices [8] [9] [10] . Typically, cognitive function is first assessed at 18-24 months using the Bayley Scales of Infant Development (BSID) [11] .
Many research studies that have helped to guide current perinatal care have employed the second edition of the BSID (BSID-II) to assessment developmental outcome [11] , and the most frequently met criterion for moderate to severe neurodevelopmental impairment has been a BSID-II Mental Development Index (MDI) > 2 standard deviations below the mean in the standardization sample, i.e., a score < 70. Research involving children who born with very low birth weight [12, 13] or born very preterm [14, 15] suggests that MDI < 70 is only moderately predictive of IQ < 70 [16] , and that among extremely low birth weight children without neurosensory impairment, the predictive value is low [17] .
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The limitations of existing studies of the accuracy of the BSID-II MDI include relatively small samples and short intervals between measurements of MDI and IQ. No study has assessed whether infant or maternal sociodemographic attributes influence the difference between a child's MDI and IQ.
Our objectives were to describe the relationship between MDI < 70 at 2 years adjusted age and cognitive impairment at 10 years of age in a large sample of children born extremely preterm, i.e., the ELGAN Study cohort [1] , and to identify infant or maternal factors that influence the level of agreement between MDI and IQ.
Methods

Participants
The Extremely Low Gestational Age Newborn (ELGAN) Study is a multicenter observational study of the risk of structural and functional neurologic disorders in extremely preterm infants [1] . During the years 2002-2004, women delivering before 28 weeks gestation were asked to enroll in the study. Mothers of 1506 infants born in 14 U.S. hospitals in 5 states gave informed consent for participation (Table 1) . Of 1200 ELGAN Study survivors, 1102 (92%) were evaluated at age 2 years.
At 10 years of age, 966 surviving children, on whom blood specimens were collected in the first weeks of life for assessment of inflammation-related proteins, were recruited. The families of 889 of these children returned for follow up at 10 years of age. Excluded from the current analysis were 94 children who were not assessed with cognitive measures at both 2 and 10 years of age. The institutional review boards of all participating institutions approved enrollment and consent procedures for this follow-up study.
Demographic and pregnancy variables
After delivery, each mother was interviewed in her native language by a trained research nurse who used a structured data collection form as described in a manual of procedures. This interview was the source of information about mother's pre-pregnancy weight and height, her education, and whether or not she received public health insurance.
Newborn variables
Birth weight and gestational age were obtained by medical record review. The gestational age estimates were based on a hierarchy of the quality of available information. Most desirable were estimates based on the dates of embryo retrieval or intrauterine insemination or fetal ultrasound before the 14th week (62%). When these were not available, reliance was placed sequentially on a fetal ultrasound at 14 or more weeks (29%), last menstrual period without fetal ultrasound (7%), and gestational age recorded in the log of the neonatal intensive care unit (1%). The birth weight Z-score is the number of standard deviations the infant's birth weight is above or below the median weight of infants at the same gestational age in a standard data set [18] .
Ultrasound scans
In prior publications we have described how ultrasound images were acquired [19] and how inter-reader White matter abnormality: ventriculomegaly and or a hypoechoic lesion on cranial ultrasound during the NICU stay
DAS Differential Ability Scales
Accuracy of the Bayley-II mental development index at 2 years as a predictor of cognitive impairment at. . . agreement was maximized [20] . For the current analyses, we defined white matter damage as moderate/severe ventriculomegaly or echolucency in the periventricular white matter. Radiologists classified the degree of ventriculomegaly using templates of multiple levels of ventriculomegaly and recorded observations about echolucent lesions in 16 white matter zones on each side seen on coronal views. Each scan was read by at least two readers, and if the first two readers disagreed about the presence of white matter damage, the images were sent to a third (tie-breaking) reader who was blinded to the original reports.
Early cognitive function at 24 months of age
Assessment with the BSID-II was completed close to 2 years of age, adjusted for gestational age at birth; 77% of children had their exam within the range of 23.5-27.9 months. Certified examiners administered and scored the BSID-II. Only 2% of examiners indicated at the time of the examination that they had more than a limited amount of information about the child. Before testing examiners were told the child's age. After completion of testing they were told the gestational age so that the BSID-II scores could be age-adjusted.
Cognitive function at 10 years of age
For assessment at 10 years, cognitive evaluations were administered by child psychologists in a 3-to 4-h session that included breaks. All psychologist examiners underwent a 1-day in-person training and verification of fidelity for administration and scoring the test battery. General cognitive ability (or IQ) was assessed with the School-Age Differential Ability Scales-II (DAS-II [21] ) Verbal and Nonverbal Reasoning subscales. Executive function was assessed with the DAS-II and the NEuroPSYchological Assessment (NEPSY-II) [22] . DAS-II Recall of Digits Backward and Recall of Sequential Order measured verbal working memory. NEPSY-II Auditory Attention and Auditory Response Set measured sustained auditory attention, set switching and inhibition. NEPSY-II Inhibition-Inhibition and Inhibition-Switching measured simple inhibition and inhibition in the context of set shifting, respectively. NEPSY-II Animal Sorting measured visual concept formation and mental flexibility. In addition to defining moderate to severe cognitive impairment using IQ alone, we also identified a subgroup with moderate to severe impairment (18.8% of study participants) using latent profile analysis (LPA) applied to measures of IQ and executive function, who on average scored > 2 standard deviations below normative expectation across all measures [23] .
Data analyses
For both the MDI and IQ the standard deviation in the normative sample is 15. Sensitivity, specificity, predictive value positive, and predictive value negative were calculated, as described previously [24] for three cut-offs: MDI < 55, MDI < 70, and MDI < 85, corresponding to 3, 2, and 1 standard deviations below the mean of 100 in the normative sample. We calculated these test characteristics separately for children with and without major neuromotor and/or sensory impairment, defined as severe gross motor impairment (level 5 on the Gross Motor Function Classification System) [25] and/or severe visual impairment (uncorrectable functional blindness in both eyes).
To compare two test characteristics, we used the 95% confidence interval. If the point estimate for one member of the pair was not included in the 95% confidence interval for the other member, we concluded that the difference was statistically significant at P < 0.05. As an overall measure of diagnostic accuracy of cut-offs we computed the diagnostic odds ratio [26] .
To describe the difference in cognitive function between 24 months and 10 years, we calculated the difference between the MDI and the IQ ((Verbal IQ + Non-Verbal IQ)/2)) and the exact binomial 95% confidence limits. To evaluate whether maternal or infant attributes influence the relationship of MDI and IQ, we compare this median difference between MDI and IQ for subgroups of study participants with and without the attributes of interest, including fetal growth restriction, male sex, gestational age at birth, neonatal cerebral white matter damage, and lower scores on the motor scale of the BSID-II, i.e., the Psychomotor Development Index, at 2 years adjusted age. For these comparisons we used Kruskal-Wallis tests and defined statistical significance as P < 0.05.
Result
Study participants
Children who were eligible for evaluation at 10 years but did not return for evaluation (n = 77) were often born to mothers with less than high school education and mothers who were eligible for public assistance, as compared to children included in the current analysis. Children with severe neurosensory impairment (n = 60) or who were not tested with both the BSID and DAS (n = 94) were more likely to have had cerebral white matter abnormality on neonatal cranial ultrasound and to have had abnormally low PDI at 2 years adjusted age (Table 1 ).
Relationship of low MDI at 24 months to cognitive impairment at 10 years
Of the children with MDI < 55, 53% had IQ ≥ 70 at 10 years of age; and nearly one quarter had an IQ ≥ 85, which is within 1 standard deviation of the mean. Among infants with MDI < 70, 36% had IQ ≥ 85 at school age (Tables 2 and 3) .
Predictive value positive and diagnostic odds ratio was highest with a cut-off of MDI < 55 (3 standard deviations below the normative mean). Predictive value positive was higher for cognitive outcomes that were based on verbal and nonverbal IQ and executive function combined than for either verbal IQ or non-verbal IQ. Predictive value positive was higher when considering MDI for adjusted age as compared to MDI for actual age.
Among children with moderate to severe gross motor function impairment and/or legal blindness in one or both eyes, the predictive value positive for MDI < 55 was 70% (95% confidence interval: 51%, 84%) and predictive value negative was 75% (95% confidence interval: 54%, 89%), significantly higher than the predictive value positive and predictive value negative among children without major motor and/or sensory impairment. Each of these test characteristics was higher than was found among children without major neuromotor and/or sensory impairment at 10 years of age.
Comparison of MDI at 24 months and IQ at 10 years
The distribution of the difference in 2-year and 10-year scores (IQ-MDI) was skewed to the right, with a mean value of 5 (95% confidence limits: 3, 6.5). Children born to mothers with pre-pregnancy obesity, males, and children with lower motor skills at 2 years adjusted age, exhibited greater increase in cognitive tests scores between 2 and 10 years ( Fig. 1; Table 4 ).
Discussion
In this cohort of children born extremely preterm over half of those classified as having cognitive impairment at 2 years, based on their having a low MDI, did not have cognitive impairment at 10 years. Even children with very low MDI (< 55), were more likely than not to have IQ > 70 at 10 years of age. The value of MDI for prediction of cognitive impairment at 10 years of age was higher when using MDI for adjusted age, rather than MDI for actual age. In addition, predictive value positive was higher for a cognitive outcome that included tests of executive function than for verbal or nonverbal IQ alone. As has been reported by others [17] , the predictive accuracy of the MDI was higher among children with motor and/or sensory impairment as compared to children without these impairments. Several maternal and infant factors that have been previously associated with lower MDI, such as pre-pregnancy maternal obesity, male sex, and impaired motor skills at two years, were associated with greater increase in cognitive scores between 2 and 10 years.
Predictive value of the BSID
Although the BSID has been used widely as a cognitive assessment for infants, the BSID-II manual states that "the Table 2 The percent of children who had an MDI at age 2 years in the range listed at the top of the column who also had the standard score of the DAS components at age 10 years listed on the left. These are column percents BSID-II is not to serve as an intelligence test for young children." [27] While MDI correlates moderately well with IQ [16] , our findings indicate that cognitive impairment identified with the BSID-II frequently does not persist through school age among infants born extremely preterm. One explanation is that the BSID-II might overestimate the degree of impairment; another is that cognitive functioning might improve after infancy. It follows that evaluations at school age, when intelligence and other aspects of cognitive function can be assessed, are essential in order to provide a more valid description of the long-term outcomes of individuals born extremely preterm. Our finding that extremely preterm infants with low MDI more often than not did not have cognitive impairment at 10 years of age agrees with a study of children born with extremely low birth weight, in which only 37% of those with MDI < 70 at 20 months had IQ < 70 at 8 years [17] . Our results also agree with a study of children born before 30 weeks of gestation in which 50% of those with MDI < 70 at 2 years had IQ < 70 at 4 years. However our primary finding contrasts with that of two studies of children born with very low birth weight [12, 13] , and a study of infants born before 31 weeks of gestation [14] , in which the predictive value positives for MDI < 70 were 0.75 or greater. In studies that described a higher predictive value positive than reported here, IQ was measured at 5 years of age or less, so that the interval between testing with the BSID and IQ testing was less than the interval in the present study. In addition, studies showing high predictive value involved infants of greater birth weight and gestational age, and thus, lower rates severe neonatal illnesses. Such illness can slow developmental trajectory early in life but typically resolve during early childhood. Of the five prior studies of the BSID in very low birth weight children, very preterm, or extremely low birth weight, 1 used the first edition of the BSID, 2 used the second edition, and 2 used the third edition. Although the three scales are correlated with each other [28] , (and Fig. 1 of Lowe et al [29] ) it is possible that some of the discrepancy across studies is attributable to use of different versions of the BSID.
When using the BSID to evaluate children born prematurely, typical practice is to subtract from the child's age the number of days between the date of the infant's birth and the expected date of birth [30] . This adjustment for the degree of prematurity results in a higher MDI score, and thus would be expected to increase the specificity and predictive value positive. Our study provides empiric support for this supposition and emphasizes the importance of adjustment for degree of prematurity when the goal of assessment is to obtain the most valid indication of the child's eventual cognitive ability. A low MDI was more predictive of cognitive impairment defined using tests of both executive function and IQ, as compared to cognitive impairment based only on IQ. The basis of this finding is unclear but may reflect a higher sensitivity of measures of executive function to complications of preterm birth compared with IQ [31] .
Factors associated with predictive value of the BSID
A larger increase in test scores between 2 and 10 years was found among children born to mothers with pre-pregnancy obesity, male children, and children with impaired motor skills at 2 years. Each of these factors is associated with lower cognitive function [4, 17, 32, 33] . In contrast to a prior study of extremely low birth weight children, we did not find that children with severe brain ultrasound abnormality were less likely to improve from an MDI below 70 to an IQ above 70 [17] . As was found in an Australian cohort of extremely low birth weight children [34] , ELGAN Study males exhibited a greater increase in scores on cognitive assessments between 2 years and 10 years, even though they have a higher rate of cognitive impairment at 10 years [35] . Male sex is associated with a higher risk of neonatal morbidities [36] , such as chronic lung disease, that have the potential for delaying development but often resolve during infancy. Conversely, early life risk factors for cognitive impairment that do not tend to resolve, such as fetal growth restriction [37] , cerebral white matter damage [38] , and social disadvantage [4, 39] , were not associated with improvement in cognitive assessment scores between 2 and 10 years.
Two other risk factors for impaired early cognitive function, maternal pre-pregnancy obesity [4, 40] and impaired infant motor function [17] , also were associated with a greater increase in scores on cognitive assessments between 2 years and 10 years. It is plausible that the influence of these factors on brain development diminishes after infancy or that these factors prompt increased utilization of early intervention [41] .
Strengths and limitations
Strengths of this study include a relatively large sample size, diversity of the sample with respect to sociodemographic attributes, and assessments by individuals who were not aware of children's prior tests results or medical histories. Study participants who did not return for evaluation were more likely to have indicators of lower socioeconomic status, such as eligibility for public health insurance. The resulting selection bias most likely led to our overestimating the cognitive abilities of the sample. A potential limitation of this study is that early assessments were completed with the second edition of the BSID (BSID-II), rather than the third edition (BSID-III), which is widely used in contemporary trials [42] [43] [44] . By simultaneously assessing children with the two editions, we [45] and others [29, 46, 47] have found that average scores on the BSID-III are higher than those on the BSID-II, suggesting that the BSID-III underestimates the degree of developmental delay [46] . However, consensus is lacking on a strategy for making scores from the BSID-II and BSID-III more comparable [11, 48] .
Implications and conclusions
Our findings suggest that caution is appropriate when interpreting findings from clinical trials involving extremely preterm neonates when the BSID is used to ascertain cognitive impairment. For example, in a trial of caffeine for extremely low birth weight neonates, caffeine treatment was associated with a lower risk of MDI < 70 at 18 months adjusted age, but was not associated with a lower risk of IQ < 70 at 5 years of age [10, 49] .
The BSID's relatively low predictive value positive also is relevant to prognostic predictions for extremely preterm fetuses [11] . Hack and her colleagues have expressed concern that decisions to not provide intensive care for extremely preterm infants in the delivery room might be "biased by reported high rates of cognitive impairments based on the use and presumptive validity of the BSID II MDI." [17] A hopeful message can be taken from our finding that among infants with a very low MDI (< 55) at two years of age, over one-half had a normal IQ (> 70) and almost one quarter had an IQ ≥ 85 at school age.
